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Abstract 

Topical application of platelet-derived growth factor-BB (PDGF-BB) is considered to accelerate tissue repair of impaired 
chronic wounds. However, the vast literature is plagued with conflicting reports of its efficacy in animal models and this is 
often influenced by a wide array of experimental variables making it difficult to compare the results across the studies. To 
mitigate the confounding variables that influence the efficacy of topically applied PDGF-BB, we used a controlled full 
thickness splinted excisional wound model in db/db mice (type 2 diabetic mouse model) for our investigations. A carefully- 
defined silicone-splinted wound model, with reduced wound contraction, controlled splint and bandage maintenance, 
allowing for healing primarily by reepithelialization was employed. Two splinted 8 mm dorsal full thickness wounds were 
made in db/db mice. Wounds were topically treated once daily with either 3 |xg PDGF-BB in 30 (xl of 5% PEG-PBS vehicle or 
an equal volume of vehicle for 10 days. Body weights, wound contraction, wound closure, reepithelialization, collagen 
content, and wound bed inflammation were evaluated clinically and histopathologically. The bioactivity of PDGF-BB was 
confirmed by in vitro proliferation assay. PDGF-BB, although bioactive in vitro, failed to accelerate wound healing in vivo in 
the db/db mice using the splinted wound model. Considering that the predominant mechanism of wound healing in 
humans is by re-epeithelialization, the most appropriate model for evaluating therapeutics is one that uses splints to 
prevent excessive wound contraction. Here, we report that PDGF-BB does not promote wound closure by re- 
epithelialization in a murine splinted wound model. Our results highlight that the effects of cytoactive factors reported 
in vivo ought to be carefully interpreted with critical consideration of the wound model used. 
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Introduction 

Wound healing is a complex process involving coordinated 
interaction between cells and the extracellular matrix (ECM) 
mediated by cytokines and various growth factors [1-3]. These are 
harmonized by simultaneous and sequential events involving 
hemostasis, inflammation, cell proliferation/migration, ECM 
production, fibroplasia and wound contraction. Of the multiple 
factors that affect wound healing, the role of growth factors has 
been extensively studied, as they play a vital role in the regulation 
of cell behaviors, and elaboration and remodeling of the ECM [3] . 
In vitro, various growth factors (EOF [4], VEGF [5,6], IGF [7], 
NGF [8,9], PDGF [10-12]) have been demonstrated to stimulate 
cell proliferation, migration, and synthesis and degradation of 
extracellular matrix [13,14]. In vivo, when applied exogenously. 



these factors may also promote wound healing [15-20]. Of the 
numerous cytoactive factors investigated, platelet-derived growth 
factor (PDGF) is the only recombinant cytokine growth factor 
approved by the U.S. Food and Drug Administration to promote 
wound closure via topical application [14]. Effects of PDGF-BB 
topical apphcation to accelerate tissue repair under conditions of 
impaired wound healing have been demonstrated in animal 
models [21,22] and human patients [23]. Currently, PDGF-BB 
serves as the prototypical topical growth factor to facilitate chronic 
wound healing [14,22]. However, conflicting reports detailing the 
efficacy of PDGF exist within the vast wound healing literature 
[22,24-27]. Especially, the models and relevant controls used in 
those investigations widely vary, thus making it difficult to 
compare the results across the studies. 
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Diabetes mellitus is a chronic disease that leads to impaired 
healing resulting in chronic wounds, for which treatment and 
related complications are estimated to cost $10 billion annually. 

The pathophysiology of diabetic wound heahng and development 
of new agents to improve clinical outcomes are continuously being 
investigated. In order to understand the mechanisms involved in 
impaired diabetic wound healing, and to test the efficacy and 
safety of new therapeutic agents, many animal models have been 
established and utilized. In particular, murine wound models have 
many advantages such as relatively low cost, ease of housing and 
handling that in turn support larger 'n' studies to increase 
statistical power. Excisional wound models in type 2 diabetic (db/ 
db) mice have been widely utilized for investigations of impaired 
wound healing including evaluating the efficacy of topical PDGF- 
BB applied as a single agent or in combination with other 
cytoactive factors [22,24-27]. However, the studies of PDGF-BB 
on wound healing in db/db mice have resulted in inconsistent 
findings depending on experimental variables such as wound size, 
study end point, PDGF dosage, and delivery \'ehi(ie [22,24,26,27]. 
In some reports, PDGF treatment groups, in comparison to 
control groups, had a decreased wound closure time or smaller 
final wound size [22,24,25], while findings from other studies 
suggest only an increase in granulation tissue and no signfficant 
effect on the rate of wound closure [26,27]. 

Skin contracture is the primary mechanism of wound closure in 
rodents; therefore the appropriateness of using mice for wound 
healing studies has been debated [28,29]. This is particularly 
important considering that re-epithelialization is an early and 
critical event during the wound healing process in humans [28- 
31]. To address this concern, the use of silicone splints to inhibit 
dermal contraction has been promoted to increase the relevancy of 
the murine model to wound healing in humans [30], and this 
model was thus selected and modified for our studies. Using the 
splinted wound model, it has been demonstrated that vascular 
endothelial growth factor accelerated wound healing in db/db 
mice [32]. 

Considering the negative to modest effect of PDGF-BB in 
in vivo wound healing literature as well as the black-box warning 
for incidence of tumors with prolonged application of 0.01% 
PDGF-BB which is the currendy used in clinics, an urgent need 
exists to determine the appropriate clinical indication for which a 
cytoactive factor is used in, and corresponding animal model to 
test the efficacy of that cytoactive factor in chronic wound healing 
and in diabetic wound management. To our knowledge, however, 
the effect of PDGF-BB on re-epithelialization or wound closure of 
splinted wounds in db/ db mice has not been previously published. 
Motivated by the conflicting results in the literature regarding the 
efficacy of PDGF-BB in non-splinted murine wounds, the 
increasing popularity of splinted wound models in assessment of 
therapeutic effect, and the widespread clinical use of PDGF, the 
study reported herein was undertaken. In this manuscript, we 
report a controlled approach to monitor re-epithelialization and 
test the efficacy of PDGF-BB in accelerating wound healing in 
diabetic mice. The purpose of this study was to evaluate the effect 
of PDGF BB on wound healing by re-epithelialization and 
granulation tissue formation in db/ db mice using a splinted wound 
model. We anticipate that these data wiU serve as critical reference 
for future studies investigating various drug delivery approaches 
for increased cytoactive factor retention. 



Materials and Methods 

Ethics statement 

All procedures adhered to the recommendations in the Guide 
for the Care and Use of Laboratory Animals of the National 
Institutes of Health. The protocol for this study was approved by 
the Institutional Animal Care and Use Committee of the 
University of Ccdifomia, Davis (Protocol number: 17294). AU 
surgery was performed under isoflurane anesthesia, and all efforts 
were made to minimize suEFering. 

Cell culture and proliferation assay 

Cell culture. Spontaneously immortalized non-tumorigenic 

human keratinocyte cells (HaCaTs), generously provided by N.E. 
Fusenig and P. Boukamp and also catalogued with the American 
Type Culture Collection (ATCC; Manassas, \'A), wi^ri; used for 
this study [33]. Primary human foreskin fibroblasts or HaCaTs 
were routinely cultured in Ham's F12 or DMEM medium 
respectively supplemented with 10% (v/v) fetal bovine serum 
(FBS), 1% (v/v) penicillin-streptomycin as described previously 
[34,35]. Primary cells within passages 3-5 and HaCaT cells 
between passages 20-30 were employed for all proliferation 
experiments. 

Proliferation assay. Human recombinant PDGF-BB (She- 
nandoah Biotechnology Inc., USA) was dissolved in phosphate 
buffered saline (PBS, pH 7.4) to obtain a stock solution of 100 (J,g/ 
ml. This was serially diluted in serum free growth medium to 
obtain working concentration of 0, 7.5, 10, 50 ng/ml and 7.5 Hg/ 
ml. Cells (7000/well) were seeded in a 48 well plate in growth 
medium containing 1 % (v/ v) FBS and 1 % (v/ v) peniciUin- 
streptomycin, and then treated with the various concentrations 
of PDGF-BB. Cell proliferation was measured after 5 days using 
the widely reported MTT assay [36] . 

Receptor blocking proliferation assay. Prior to seeding, 
cells were incubated with 10 |J,g/ml of goat polyclonal anti-PDGF 
receptor beta antibody for 30 min at 37°C on an orbital shaker. 
Cells were centrifuged at 1400 rpm for 5 min, the supernatant 
discarded and the pellet resuspended in growth medium and then 
plated in the presence of soluble of PDGF-BB as described above. 
Proliferation was determined after 5 days using the MTT assay. 

Animals 

Twenty-four genetically diabetic 16 week old male mice (db/db; 
BKS.Cg-m +/+ LepT^''; Jackson Laboratories, Bar Harbor, ME) 
were used for this study. The average ± SEM body weight of the 
mice was 52.6±0.4 g. Mice were housed four animals per cage 
pre-surgery and alone post-surgery; they were maintained in an 
animal care facility with a 1 2 hour light/dark cycle for four weeks 
prior to surgery and thereafter. Mice were randomly assigned to 
one of two treatment groups: 30 |ll of 0.01% (w/v) PDGF-BB in 
vehicle (PDGF group; n = 12) and 30 |Xl of vehicle control [5% (w/ 
v) poly(ethylene) glycol (VEHICLE) group; n= 12]. The animal 
number was calculated with power and sample size analysis based 
on our previous study results. Alpha and beta levels were set at 
0.05 and 0.8, respectively. 

Anestlietic and Surgical Procedure 

Anesthesia was induced and maintained with 2.25—2.50% 
isoflurane in 100% oxygen, flow rate of 1.5-2 L/minute, using a 
multi circuit anesthesia system for rodents (SAA2-3, Viking 
medical, Minneapolis, MN). Buprenorphine HCl (0.05 mg/kg, 
Buprenorphine HCl Injection, Ben Venue, OH) and lactated 
ringer's solution (10 mg/kg, Lactated ringer's injection USP, 
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Baxter, Deerfield, IL) were administered subcutaneously following 
induction. 

The mouse was positioned in ventral recumbency on a 
temperature controlled heating platform (ACT 100, World 
precision instruments, Sarasota, FL). The dorsal surface was 
shaved with an electric clipper, sterilely prepped with 4% 
chlorhexidine and 70% alcohol gauze sponges, and then sterilely 
draped. AU wounding procedures and post-operative treatments 
were performed by one surgeon. Prior to wounding, two sterile 
donut shaped splints (inner diameter of 10 mm, outer diameter of 
14 mm) fabricated from 1.6 mm thick silicone sheet (Press-to-Seal 
Silicone Sheet JTR-S-2.0, Grace Bio-Labs, Bend, OR) were 
placed bilaterally around the pre-marked designated wound 
location (the center of the wounds were located 40 mm cranial 
from the tail head), and then adhered with an immediate-bonding 
cyanoacrylate adhesive (Krazy Glue, Elmer's product, Inc., 
Columbus, OH) and eight interrupted sutures using 6-0 nylon 
sutures (6-0 EthUon Nylon Suture, Ethicon LLC, Cornelia, GA). 
A full thickness wound was created inside each splint by using an 
8 mm sterile skin biopsy punch and a Westcott scissor. A trimmed 
sterile plastic cover slip (Fischer Scientific, Pittsburgh, PA) was 
placed on top of the splint, and a semi-occlusive dressing 
(Tegaderm Film 9506 W, 3 M Health Care, St. Paul, MN) was 
applied circumferentiaUy around the trunk of the animal. Animals 
were placed under a warming lamp and observed until they 
recovered fully from anesthesia. 

Clinical Evaluations and Treatments 

Body weight, appetite, symptoms for pain (depression, agitation, 
self-mutilating, and shivering), and general health condition were 
monitored daily, and additional pain medication (buprenorphine 
HCl, 0.05 mg/kg sc) was administered as needed. Mice were 
briefly anesthetized with isoflurane for about 5 minutes daily 
during bandage replacement, wound bed assessment, imaging, 
and treatment. The semi-occlusive dressing was cut open daily, 
along the coverslips placed on top of the splints, and the wound 
bed was evaluated for splint stability, inflammation, or infectious 
exudates. If excessive fluid accumulation was found, the fluid was 
gently wicked away with a cotton tip apphcator. Wound beds were 
photographed on days 0, 2, 4, 6, 8, 10, and 11, with standardized 
exposure and focal length using a digital camera with macro lens 
and ring flash (Nikon D300, Nikon, Melville, NY) mounted on our 
custom-made imaging station that provided incorporation of a 
'mm' scale bar in each image obtained. Mice in the PDGF group 
received 30 |il of 0.01% PDGF-BB (i.e. 3 \lg dosage, PDGF-BB 
Human Recombinant, Prospec, Ness-Ziona, Israel) dissolved in 
vehicle, filter-sterilized 5% PEG (PI 56-500 Carbowax PEG 8000, 
Fisher Scientific, Santa Clara, CA) in phosphate-buflered solution, 
while the vehicle control group received 30 |a.l of the PEG vehicle. 
Both wound beds in each animal were treated identically 
immediately after surgery and once daily for 10 days. Following 
evaluations and treatments, new sterile coverslips were placed over 
the splints and a piece of Tegaderm dressing (Tegaderm Film 
9506 W, 3 M Health Care, St. Paul, MN) was applied circumfer- 
entiaUy around the trunk of the mice. Bandages were replaced on 
days 2, 5, and 8. All mice were euthanatized with an 
intraperitoneal injection of Pentobarbital plus phenytoin (0.3 ml; 
Buthanasia-D Special, Schering-Plough Animal Health, Union, 
NJ) on day 1 1 following blood glucose measurement using a 
glucometer (AlphaTRAK Blood Glucose Monitoring System, 
Abbot Laboratories, North Chicago, IL). 



Image Analysis 

Photographs were analyzed to calculate percentage wound 
closure and percentage wound contraction using image analysis 
software (ImageJ, National Institutes of Health, Bethesda, MD, 
USA) by a masked investigator. The outer and inner edges of 
wound closure (Fig. 1) were traced. The area between these edges 
the inwardly advancing newly epithelialized skin. Percentage 
wound closure at each time point was calculated as (Fig. 1): 

% Wound Closure = (Wound Area on Day 0- Area of Inner 
Circumference on Day X)/Wound area cm Day 0x100. 

Percentage wound contraction of each time point was calculated 

as: 

% Wound Contraction = (Wound Area on Day 0-Area of Outer 
Circumference on Day X)/Wound Area on Day 0x100. 

Note, the area of inner circumference excludes reepithUializa- 
tion, while the area of outer circumference includes reepitheUal- 
ization (see Fig. 1). 

Histopathological Analysis 

All histopathological analysis was performed by a board 
certified veterinary pathologist who was unaware of experimental 
group for each sample. Following euthanasia, the entire wound 
and unwounded skin margins greater than 5 mm were excised to 
the depth of the retro-peritoneum. Samples were fixed in formalin 
for at least 24 hours and then sectioned through the center of the 
lesion to obtain the largest diameter of the wound. Tissue samples 
then underwent routine paraffin processing, were serially sectioned 
at a thickness of 5 |J,m and stained with hematoxylin and eosin, 
and picrosirius red. The widest section obtained was measured. 
The sections were photographed using a mounted digital camera 
(Olympus DP72, Melville, NY) and images were analyzed using 
image analysis software (CellSence Dimension 1.4, Olympus, 
Melville, NY) for length of reepithelialization, epithelial gap. 




Figure 1. Photographs of a wound on Day 6 in a db/db mouse 
treated with PDGF-BB. Area wound closure was calculated as 
original wound area on Day 0- open wound area on Day 'X' (area inside 
inner circumference indicated by a red line). Area wound contraction 
was calculated as original wound area on Day 0- area including open 
wound and new epithelium on Day 'X' (area inside outer circumference 
indicated by a blue line). 
doi:1 0.1 371/journal.pone.01 04447.g001 
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amount of fibrovascular proliferation (granulation tissue) in the 
dermis, and inflammatory response. 

Length of reepithelialization was defined as the lengdi of the 
layer of proliferating keratinocytes covering the wound area. This 
value was obtained by measuring the distance between the free 
edge of the keratinocyte layer and the base where the cells were 
still associated with native, non-affected dermal tissue (Fig. 2A). 
Both sides of the lesion were measured and the final result was the 
sum of the two measurements. For wounds that had been 
completely re-epithelialized, a single measurement was taken from 
dermal edge to dermal edge. The epithelial gap was defined as the 
distance between the advancing edges of keratinocyte migration 
(Fig. 2A). Fibrovascular dermal proliferation (granulation tissue) 
was measured by examining the Picrosirius red-stained sections 
under polarized light which highlighted the newly deposited 
dermal coUagen. Using the image analysis software the wound bed 
area was selected and the amount of collagen deposition in the 
selected area was automatically measured and was expressed as a 
percentage of the wound area (Fig. 2C, D and E). The 
inflammatory response was assessed using a semi-quantitative 
scoring system ranging from 0 to 4 where 0 indicates no 
inflammation, 1 indicates that 0-25% of the wound area was 
infiltrated by inflammatory cells, 2 indicates 25-50%, 3 indicates 
50-75%, and 4>75% of the wound area was infiltrated. 

In our study, instead of subjectively estimating the area of 
apparent granulation tissue formation in the wound bed, we 
determined the coUagen content in the whole wound by a semi- 
quantitative method. Preliminary studies verifying the validity of 
this approach demonstrated a correlation between a simple 
measurement of the area of peripheral granulation tissue with 



the quantitated collagen content. In our study collagen content in 
the wound bed was measured by quantifying the amount of 
Picrosirius red stained tissues under polarized light microscopy and 
using automated imaging analysis. We accurately determined the 
early fibroblastic reaction infdtrating the center of the wound in 
addition to the dense and well-formed granulation tissue at the 
edges of the wound bed. We believe that this method provides an 
accurate representation of the fibrovascular reaction associated 
with the healing process in the whole wound bed, especially in the 
diabetic mice where infiltration of fibrovascular tissue between the 
adipocytes is a feature [37]. 

Exclusion Criteria 

Exclusion criteria included wound infection, spontaneous death, 
tissue destruction during processing for histopathological exami- 
nation, and splint failure. Splint failure was defined as one or more 
of the following: splint fracture; partial or complete detachment of 
splint; two or more sutures missing or released. When one missed 
or released suture was found during daily examination, the suture 
was restored. 

Statistical Analysis 

Results are expressed as mean ± SEM. Data from individual 
mouse bilateral wounds were averaged and considered as one data 
point. If one of the two wounds were excluded during the 
experiment based on exclusionary criteria, data from only the 
inclusionary wound was used as the data point for comparisons. 
Statistical analysis was performed using a commercially available 
statistical software SPSS (version 15.0, SPSS Inc, Chicago, IL). For 




Figure 2. Histopathological evaluations of a wound bed from a db/db mouse treated with PDGF-BB for 10 days and harvested 1 1 
days after wounding. Scale Bars = 500 |im. (A) Measurement of epithelial gap (dotted black line) and reepithelialization (dotted red lines). The 
epithelial gap was defined as the distance between the advancing edges of keratinocyte migration measured in millimeters. Length of 
reepithelialization was defined as the length of the layer of proliferating keratinocytes covering the wound area. This value was obtained by 
measuring s the distance between the free edge of the keratinocyte layer and the base where the cells were still associated with native, non-affected 
dermal tissue (*). The black vertical lines denote the area of separation between the pre-existing collagen and wound bed. The final value was the 
sum of distance in millimeters of both sides. H&E staining. (B) Inflammatory infiltrate in the wound bed. The inflammatory response was assessed 
using a semi-quantitative scoring system ranging from 0 to 4 where 0 indicates no inflammation, 1 indicates 0-25% of the wound area affected, 2 
indicates 25-50% of the wound area affected, 3 indicates 50-75% of the wound area affected, and 4 indicates >75% of the wound area affected. This 
sample was classified as score 2. H&E staining. (C, D and E) Measurement of the fibrovascular dermal proliferation in the wound bed. Picrosirius red 
staining. (C) The wound bed area is outlined (green lines), comprising a preset depth of 0.75 mm (this is the average depth of the wounds in the 
experiment) and the borders between preexisting dermal collagen and newly formed collagen. (D) Under polarized light the bright collagen fibers of 
the wound bed are highlighted and automatically measured by the software (E), and the final data is expressed as a percentage of outlined wound 
area. 

doi:10.1371/journal.pone.0104447.g002 
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the in vitro proliferation assay, statistical significance was deter- 
mined by one-way analysis of variance (ANOVA) followed by 
Dunnett's multiple comparison test. The effects of mouse strain, 
presence of the splint, dressing, treatment, time, and interaction 
between time and each effect on the body weight, wound healing, 
and contraction were evaluated using repeated measures AN- 
OVA. Histological scores were compared between the groups by 
using the Student's t-test. Values of P<0.05 were considered 
significant. 

Results 

PDGF-BB stimulates cell proliferation in vitro 

Proliferation was significantly higher in PDGF-BB treated 
fibroblasts (all doses) compared to untreated cells. The dose 
response was trimodal in nature. Maximum proliferation was 
observed for the following doses: 7.5 ng/ml, 50 ng/ml and 
7.5 Hg/ml (Fig. 3A). Proliferation in treated cells, while remain- 
ing higher than in untreated cells, appeared to decrease between 
7.5 ng/ml to 15 ng/ml before again increasing. When the cells 
were blocked with an antibody to the PDGF beta receptor, 
proliferation was significandy reduced for all concentrations, 
approximating results obtained for untreated cells (Fig. 3B). 
HaCaT cells treated with PDGF-BB did not show any demon- 
strable significance in proliferation rates (data not shown). 

^ 400 ' 

350 ■ 




Serum 

PDGFbb Concentration (ng/ml) 



Figure 3. Soluble PDGF-BB promotes proliferation of primary 
foreskin fibroblasts over 5 days, and can be attenuated by 
blocking PDGF beta receptors. (A) A trimodal dose dependent 
response was observed with peak proliferation at 7.5 ng/ml, 7.5 and 
50 |ig/ml. Results are Mean ± StDev, n = 6. (B) Cell proliferation over 5 
days was inhibited for all concentrations of PDGF-BB when PDGF-B 
receptor in cells were blocked with 10 )ig/ml of PDGF beta receptor 
antibody for 30 min at 37'C prior to cell seeding. Results are Mean ± 
StDev, n = 6. * P<0.05, *♦* P<0.001. 
doi:1 0.1 371/journal.pone.01 04447.g003 



PDGF-BB does not promote closure of splinted wounds 
in db/db mice 

Unilateral wound from 8 mice (5 controls and 3 treated) were 
excluded from the study based on our strict exclusion criteria. 
However we were able to use data obtained from the contra-lateral 
wounds, therefore all animals (24/24) were included for data 
analysis. Mean ± SEM percentage wound closure on day 1 1 was 
86.1 ±6.2% in the PDGF group and 89.7±5.3% in the vehicle 
group (Fig. 4A). Mean ± SEM percentage wound contraction 
was 22.6±1.9% in the PDGF group, and 22.0±4.7% in the 
vehicle group (Fig. 4B). In overall comparisons, no significant 
effect of treatment on wound contraction or closure between the 
PDGF and VEHICLE groups was observed (Fig. 4 A, B). In 
histopathological evaluations, there were no significant differences 
in epithelial gap (P = 0.74) or reepithelialization (P = 0.47) (Fig. 4 
C, D). There were also no significant differences in collagen 
content (P = 0.62) or inflammation score (P = 1 .00, Fig. 5) 
between groups. 

Discussion 

In this study, the apphcability of a splinted wound model to 
ascertain the ability of PDGF-BB in facilitating wound closure was 
evaluated. The results of this study would become baseline data for 
using the splinted wound model to evaluate advanced technologies 
developed to improve delivery of PDGF-BB for the treatment of 
chronic wounds. 

The bioactivity and specificity of PDGF-BB in facilitating cell 
proliferation was determined using in vitro cell proliferation 
assays. In vitro, PDGF-BB significantly accelerated cell prolifer- 
ation in a trimodal pattern with maximum effects observed at 
7.5 Hg, 50 ng and 7.5 ng in this study (Fig. 3A). Blocking PDGF 
receptor beta significantly inhibited the proliferative ability PDGF- 
BB. In vivo, significantly accelerated wound closure was demon- 
strated in previous studies [25,38,39] when PDGF-BB was apphed 
in the order of micrograms per wound. Based on these previous 
studies and results from our in vitro studies and, a dose of 3 |.lg per 
wound (8 mm diameter) was chosen for this study, which 
corresponds to approximately 6 Hg/cm^. Wounds were treated 
daily for 10 days after wounding. Considering that the wounds in 
our study were smaller (at least one fourth the wound area 
compared to other studies) we chose to monitor wound closure 
over 11 days after wounding instead of the 21 days for the larger 
wounds previously reported [25,38,39]. 

Previously published reports have shown variability in efficacy 
of PDGF-BB in promoting closure of nonsplinted wounds in db/ 
db mice depending on experimental conditions such as PDGF 
dosage, treatment duration, and study endpoint [24—27,38,39]. 
Predominant experimental difierences between previous studies 
[24,25,39] and this one were (a) wound size, which for our study 
was approximately four times smaller (based on total wound 
surface area), and (b) duration of follow-up (11 days vs 21 days). 
On gross image analysis, we observed that wounds in both groups 
(PDGF-BB and vehicle control) had approximately 85-90% 
closure 1 1 days after wounding. This endpoint is concurrent with 
previous studies showing similar healing rates of 80.9, 88.2, and 
90.6% in PDGF treated groups on day 21 [25,39]. Greenhalgh 
et al [25], the first to report that PDGF-BB significantly enhanced 
wound healing in full thickness wounds of db/db mice, 
demonstrated that effective wound closure accompanied by 
improved granulation tissue formation was observed 2 1 days after 
wounding in a 1 5 mm x 1 5 mm square fuU thickness wound on the 
back of mice treated with 10 [Ig per wound PDGF-BB (4.4 |a,g/ 
cm^ wound area) for 5 and 10 days. However, they did not observe 
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Figure 4. PDGF-BB did not accelerate wound closure, contraction or reepithelialization in the mouse splinted full thickness dermal 
wound model. Percentage wound closure (A) and contraction (B) as mean ± SEM in full thickness splinted wounds of db/db mice treated with 
0.01% PDGF-BB or vehicle control. Wound area was measured from photographs taken immediately after wounding, and then the area including 
open wound plus new epithelium was measured from photographs taken day 2, 4, 6, 8, 10, and 1 1. Percentage wound contraction and closure was 
calculated as described in methods. Epithelial gap (C) and reepithelialization (D) were measured by histopathological evaluation. All data were 
expressed as mean ± SEM. No significant differences between groups were found in any comparision. 
doi:10.1371/journal.pone.0104447.g004 



any difTerences in wound closure up to 1 0 days after wounding for 
treated groups. Other studies [24,39,40] have monitored larger 



wounds for up to 2 1 days after wounding and have demonstrated a 
similar positive effect. Considering the difiFerences in results 



C 

c 
o 

u 
c 

Qi 

cn 

JO 

"o 

u 



100 

80 
60 
40 
20 
0 




B 



o 

u 

c 
o 



to 

E 

E 
to 



t= 1 



0 




PDGF ° Vehicle 



PDGF ° Vehicle 



Figure 5. PDGF-BB did not modulate collagen deposition and inflammation development at the wound site in the splinted full 
thickness dermal wound model in mice. Percentage collagen content (A) and inflammation score (B) as mean ± SEM in full thickness splinted 
wounds of db/db mice treated with 0.01% PDGF-BB or vehicle control. No significant differences in percentage collagen content or inflammation 
score were found (P>0.62). 
doi:10.1371/journal.pone.0104447.g005 
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between our study and others, it can be inferred, retrospectively, 
that the size of a wound accompanied by the duration of follow-up 
are critical parameters to consider while demonstrating any 
potentially observable effects of PDGF-BB. 

Another difference between previous studies [24,25,38,39] and 
this study is that we placed a silicone splint around the wound to 
reduce wound contraction. This is a critical difference when 
considering the primary mode of wound healing in rodents (by 
contraction) and humans (by reepitheliaHzation). While Senter 
et al. [26] h)rpothesized that the primary effect of PDGF-BB on 
wound healing is by acceleration of contraction, other studies have 
suggested that PDGF-BB facilitates wound healing in vivo by 
chemotactic and mitogenic promotion of granulation tissue 
formation and reepitheliaHzation [25,39]. However, direct com- 
parisons to these studies are not feasible due the variation between 
species, models, treatment times, wound size etc. In order to 
mitigate the number of unknowns, in this study, we investigated 
the efficacy of PDGF-BB in facilitating wound closure by re- 
epithehaUzation using a controlled, validated and well defined 
splinted full thickness wound model. This model was developed to 
minimize multiple confounding factors often affected by inconsis- 
tent splint and bandage maintenance, and direct contact of 
bandage to wound surfaces. Our data clearly demonstrate that 
there are no differences observed in wound contraction or 
epithehahzation in sphnted mouse wound model in the presence 
or absence of PDGF-BB. To our knowledge there are no published 
reports detailing the differences in PDGF-BB mediated wound 
contraction observed between a splinted and unsplinted model. 

Another factor that can impact wound closure is the dressing 
methods. The importance of application and maintenance of semi- 
occlusive dressings, and infection control have been discussed 
previously [27]. A correlation between accumulation of exudate/ 
fluid and decreased reepithelialization in db/db mice has been 
previously reported [26] . In our study, we placed a sterile coverslip 
over the splint to prevent direct contact of adhesive dressing with 
the wound bed; this was done to protect the wound bed and to 
prevent any inadvertent effects on wound healing. Additionally, 
excessive fluid was removed prior to treatment, and covershps 
were replaced daily in order to maintain a clean wound bed. It is 
thus possible that by our dressing method and by maintaining a 
clean wound bed, a better environment for healing was provided 
for both control and PDGF groups. 

The bioactivity of PDGF-BB used in the study as confirmed 
in vitro using fibroblasts and keratinocytes. Our in vitro results 
demonstrate that PDGF-BB did not accelerate proliferation of 
HaCaTs, but effectively increased proliferation of primary human 
foreskin fibroblasts. The failure to promote proliferation of 
HaCaTs in response to PDGF-BB was anticipated as they 
inherentiy lack PDGF beta receptors [41]. A prerequisite for 
PDGF to promote wound healing is that the cells present in the 
wound bed express PDGF receptors. In vivo the baseline 
expression of PDGF receptors have been reported to be 
significanfly inhibited in genetically diabetic db/db mice; expres- 
sion of the B-type receptor is further inhibited during repair [42] . 
Although we did not quantify the in vivo expression of PDGF 
receptors in our study, we can relate our findings and infer from 
previous studies that the expression of PDGF B receptors, required 
for a PDGF-BB specific response, is significanfly inhibited. This 
may lead to inhibition of both the autocrine and paracrine 
signaling effects of PDGF required for healing. We also recognize 
that the expression and activities of matrix metaUoproteinases and 
other proteases are altered during diabetes and may contribute to 
accelerated degradation of growth factors [43-46] present 



inherenfly in the wound site or those topically administered. In 
this study, we did not observe any impairment or acceleration in 
wound closure by re-epithelialization in PDGF treated mice when 
compared to control groups. While it is indeed possible that 
proteases may have led to excessive proteolysis of PDGF-BB 
administered, contrary to the recommended clinical usage of 
PDGF-BB for treatment of diabetic foot ulcers, we did not observe 
any change (impairment or acceleration) in wound healing (in db/ 
db mice) upon PDGF treatment using the splinted model. 

Advanced protein glycosylation is a process of non-enzymatic 
modification of proteins and plays a significant role in ageing and 
diabetic pathology. Advanced glycation end products (AGE) 
generated as a result of this process can exacerbate the disease 
process via oxidative damage, apoptosis and inflammation, and is 
implicated in Alzheimer's disease, cardiovascular disease and 
diabetes mellitus to name a few [47] . Indeed, AGE precursors can 
impair or alter the post-translation modification of receptors of 
growth factors thus modifying their biological activity. For 
example, AGE precursors inhibit epidermal growth factor 
receptor (EGFR) dephosphorylation, and promote EGFR cross- 
linking thereby modifying EGF signaling [48]. Similarly, methyl- 
glyoxal (an AGE pre[:ursor) can induce AGE formation resulting 
in PDGF receptor fi dysfunction [49]; also, glycation of PDGF 
itself can also inhibit its biological activity and may thus impair 
wound repair [50]. Consistent with these, we observed that 
treatment of PDGF-BB did not have any significant effect on 
wound healing. In this study, the extent to which AGE mediated 
inhibition of PDGF receptor or glycation of exogenously added 
PDGF-BB contributes to a lack of accelerated wound healing is 
not known. 

The results of this study demonstrated no detectable effect of 
PDGF-BB on wound healing in db/db mice with splinted fuU 
thickness wounds. A species specific difference in the usage of 
human recombinant PDGF-BB to treat chronic wounds in mice is 
highly unlikely considering that PDGF-BB is mitogenic in murine 
cells [51,52]. These results are very important to take into account 
while making a choice between PDGF-BB or other cytoactive 
factors for treatment of chronic wounds; especially considering 
that the use of PDGF-BB is associated with an FDA 'black box' 
warning for potential neoplastic growth. However, this study 
clearly identifies multiple confounding variables within an animal 
model while investigating the effects of cytoactive factors for 
wound healing. In summary, the use of a splint for excisional 
wounds is optimal to observe wound closure by reepithelialization. 
Meticulous application, maintenance and monitoring of the 
wound bed with minimal complications are possible with our 
modified silicone splinted model. This study clearly demonstrates 
that the effects of cytoactive factors reported in vivo needs to be 
carefully interpreted with critical consideration of the wound 
model used and there is much remaining to be understood about 
the effect of growth factors for treatment of chronic wounds, 
especially in disease models. 

Acknowledgments 

We thank Rebecca Seraphin and Sarah Deremer for their technical 
support. 

Author Contributions 

Conceived and designed the experiments: CJM JM MS RRI NLA SAP 
VKR RD. Performed the experiments: SAP VKR LT MJM JC NMS. 
Analyzed the data: SAP VKR. Contributed reagents/materials/analysis 
tools: CJM JM MS RRI NLA RD. Wrote the paper: SAP VKR. 



PLOS ONE I www.plosone.org 



7 



August 2014 I Volume 9 | Issue 8 | e104447 



PDGF-BB Does Not Promote Healing in db/db iViice with Splinted Wounds 



References 

1. Guo S, DiPictro LA (2010) Factors Afibcting Wound Healing. Journal of Dental 
Research 89: 219-229. 

2. Koria P (2012) Delivery of (Growth Factors for Tissue Regeneration and Wound 
Heating. BioDrugs 26: 163-175. 

3. Schultz GS, Wysocki A (2009) Interactions between extracellular matrix and 
growth factors in wound healing. Wound Repair and Regeneration 17: 153— 
162. 

4. Andl CD, Mizushima T, Nakagawa H, Oyama K, Harada H, ct al. (2003) 
Epidermal growth factor receptor mediates increased cell proliferation, 
migration, and aggregation in esophageal keratinocytes in vitro and in vivo. 
Journal of Biological Chemistry 278: 1824-1830. 

5. Brown KRS, England KM, Goss KL, Snyder JM, Acarregui MJ (2001) VEGF 
induces airway epithelial cell proliferation in human fetal lung in vitro. 
American Journal of Physiology-Lung Cellular and Molecular Physiology 281: 
LIOOI-LIOIO. 

6. Jin K, Zhu Y, Sun Y, Mao XO, Xie L, et al. (2002) Vascular endotiielial growth 
factor (VEGF) stimulates neurogenesis in vitro and in vivo. Proceedings of the 
National Academy of Sciences 99: 11946. 

7. Yang SY, Goldspink G (2002) DilTerent roles of tiie IGF-I Ec peptide (MGF) and 
mature IGF-I in myoblast proliferation and differentiation. FEBS Letters 522; 
156-160. 

8. Cantarella G, Lempereur L, Presta M, Ribatti D, Lombardo G, ct al. (2002) 
Nerve growth factor— endothelial cell interaction leads to angiogenesis in vitro 
and in vivo. The FASEB Journal 16: 1307-1309. 

9. Rende M, Brizi E, Conner J, Treves S, Ccnsier K, ct al. (2000) Nerve growth 
factor (NGF^ influences differentiation and proliferation of myogenic cells 
in vitro via TrKA. International Journal of Developmental Neuroscience 18: 
869-885. 

10. Blom IE, van Dijk AJ, Wieten L, Duran K, Ito Y, et al. (2001) In vitro evidence 
for differential involvement of CTGF, TGFp, and PDGF-BB in mesangial 
response to injury. Nephrology Dialysis Transplantation 16: 1139-1148. 

11. Yoshikawa Y, Abrahamsson S-O (2001) Dose-related cellular effects of platelet- 
derived growth factor-BB differ in \'arious tvpcs of rabbit tendons in vitro. Acta 
Ortiiopaedica 72: 287-292. 

12. Kim SJ, Kim SY, Kwon CH, Kim YK (2007) Differential effect of FGF and 
PDGF on cell proliferation and migration in osteoblastic cells. Growth Factors 
25: 77-86. 

13. Sprugel KH, McPherson JM, Clowes AW, Ross R (1987) Effects of growth 
factors in vivo. I. Cell ingrowth into porous subcutaneous chambers. 
AmJPadiol 129: 601-613. 

14. Robson MC, Payne WG (2005) Growth factor therapy to aid wound healing. In: 
FalabeUa AF, Kirsner RS, editors. Wound healing. Boca Raton: Taylor & 
Francis Group. 491—501. 

15. Saaristo A, Tammela T, Farkkila A, Karkkainen M, Suominen E, et al. (2006) 
Vascular endothelial growth factor-C accelerates diabetic wound healing. 
AmJ Pathol 169: 1080-1087. 

16. Tsuboi R, Shi CM, Sato C, Cox GN, Ogawa H (1995) Co-administration of 
insulin-like growth factor (IGF)-I and IGF-binding protein- 1 stimulates wound 
healing in animal models. J Invest Dermatol 104: 199-203. 

17. Muangman P, Muffley LA, Anthony JP, Spermy ML, Underwood RA, et al. 
(2004) Nerve growth factor accelerates wound healing in diabetic mice. Wound 
Repair Regen 12: 44-52. 

18. Judith R, Nithya M, Rose C, Mandal AB (2010) Application of a PDGF- 
containing novel gel for cutaneous wound healing. Life Sciences 87: 1-8. 

19. Fan BS, Lou JY (2011) Enhancement of angiogenic effect of co-transfection 
human NGF and VEGF genes in rat bone marrow mesenchymal stem cells. 
Gene. 

20. Hardwicke J, Moseley R, Thomas DW (201 1) Promotion of acute and chronic 
wound healing by bioresponsive dextrin-rhEGF conjugates: Ex vivo and in vivo 
evaluation [Abstract]. British Journal of Surgery 98: Ell— El 2. 

21. Saha K, Keung AJ, Irwin EF, Li Y, Litde L, et al. (2008) Substrate Modulus 
Directs Neural Stem Cell Behavior. Biophysical Journal 95: 4426—4438. 

22. Uhl E, Rosken F, Sirsjo A, Messmcr K (2003) Inlluence of platelet-derived 
growth factor on microcirculation during normal and impaired wound healing. 
Wound Repair Regen 11: 361—367. 

23. SmiellJM, Wieman TJ, Steed DL, Perry BH, Sampson AR, et al. (1999) Efficacy 
and safety of becaplermin (recombinant human platelet-derived growth factor- 
BB) in patients with nonhealing, lower extremity diabetic ulcers: a combined 
analysis of four randomized studies. Wound Repair Regen 7: 335—346. 

24. Brown RL, Breeden MP, Greenhalgh DG (1994) PDGF and TGF-alpha act 
synergistic ally to improve wound healing in the genetically diabetic mouse. 
J Surg Res 56: 562-570. 

25. Greenhalgh DG, Sprugel KH, Murray MJ, Ross R (1990) PDGF and FGF 
stimulate wound healing in the genetically diabetic mouse. AmJ Pathol 136: 
1235-1246. 

26. Senter LH, Legrand EK, Laemmerhirt KE, Kiorpes TC (1995) Assessment of 
full-thickness wounds in the genetically diabetic mouse for suitability as a wound 
healing model. Wound Repair Regen 3: 351-358. 



27. Chan RK, Liu PH, Pietramaggiori G, Ibrahim SI, Hechtman HB, et al. (2006) 
Effect of recombinant platelet-derived growth factor (Rcgranex) on wound 
closure in genetically diabetic mice. J Burn Care Res 27: 202—205. 

28. Lindblad WJ (2008) Considerations for selecting the correct animal model for 
dermal wound-healing studies. J Biomater Sci Polym Ed 19: 1087-1096. 

29. Fang RC, Mustoe TA (2008) Animal models of wound heahng: utility in 
transgenic mice. J Biomater Sci Polym Ed 19: 989-1005. 

30. Galiano RD, Michaels Jt, Dobryansky M, Levine JP, Gurtner GC (2004) 
Quantitative and re];)roducible murine model of excisional wound healing. 
Wound Repair and Regeneration 12: 485-492. 

31. Wong VW, Sorkin M, Glotzbach JP, Longaker Ml\ Gurtner GC (2011) 
Surgical Approaches to Create Murine Models of Human Wound Healing. 
Journal of Biomedicine and Biotechnology 2011: 8. 

32. Galiano RD, Tepper OM, Pelo CR, Bhatt KA, Callaghan M, et al. (2004) 
Topical vascular endothelial growth factor accelerates diabetic woimd healing 
through increased angiogenesis and by mobilizing and recruiting bone marrow- 
derived cells. AmJ Patiiol 164: 1935-1947. 

33. Boukamp P, Petrussevska RT, Breitkreutz D, Hornung J, Markham A, et al. 
(1988) Normal keratinization in a spontaneously immortalized aneuploid human 
keratinocytc cell line. J Cell Biol 106: 761 771. 

34. Schoop VM, Mirancea N, Fusenig NE (1999) Epidermal organization and 
differentiation of HaCaT keratinocytes in organotypic coculture with human 
dermal fibroblasts. J Invest Dermatol 112: 343—353. 

35. Raghunathan VK, Devey M, Hawkins S, HaUs L, Davis SA, et al. (2013) 
Influence of particle size and reactive oxygen species on cobalt chrome 
nanoparticle-mediated genotoxicity. Biomaterials 34: 3559-3570. 

36. Mosmann T (1983) Rapid colorimetric assay for cellular growth and survival: 
application to proliferation and cytotoxicity assays. Journal of Immunological 
Methods 65: 55. 

37. Tkalccvic VI, Cuzic S, Parnham MJ, Pasalic I, Brajsa K (2009) Differential 
evaluation of excisional non-occluded wound healing in db/db mice. Toxicol 
Pathol 37: 183-192. 

38. Greenhalgh DG, Hummel RP, Albertson S, Breeden MP (1993) Synergistic 
actions of platelet-derived growth factor and the insulin-like growth factors 
in vivo. Wound Repair Regen 1: 69-81. 

39. Albertson S, Hummel RP 3rd, Breeden M, Greenhalgh DG (1993) PDGF and 
FGF reverse the healing impairment in protein-malnourished diabetic mice. 
Surgery 114: 368-372; discussion 372-363. 

40. (jreenhaigh D(i (2003) Tissue repair in models ol' diabetes mcllitus. A review. 
Methods Mol Med 78: 181-189. 

41. Skobe M, Fusenig NE (1998) I'umorigenic conversion of immortal human 
keratinocytes through stromal cell activation. Proceedings of the National 
Academy of Sciences 95: 1050-1055. 

42. Beer H-D, Longaker MT, Werner S (1997) Reduced Expression of PDGF and 
PDGF Receptors During Impaired Wotmd Healing. J Investig Dermatol 109: 
132-138. 

43. Mast BA, Schultz GS (1996) Interactions of cytokines, growth factors, and 
proteases in acute and chronic wounds. Wound Repair and Regeneration 4: 
411-420. 

44. Trengove NJ, Stacey MC, Macauley S, Bennett N, Gibson J, et al. (1999) 
Analysis of the acute and chronic wound environments: the role of proteases and 
their inhibitors. Wound Repair and Regeneration 7: 442—452. 

45. Lobmann R, Ambrosch A, Schultz G, Waldmann K, Schiweck S, et al. (2002) 
Expression of matrix-metalloproteinases and their inhibitors in the wounds of 
diabetic and non-diabetic patients. Diab tologia 45: 1011-1016. 

46. Blakytny R, Jude E (2006) The molecular biology of chronic wounds and 
delayed healing in diabetes. Diabetic Medicine 23: 594^08. 

47. Brownlee MD, Michael (1995) Advanced protein glycosylation in diabetes and 
aging. Annual Review of Medicine 46: 223-234. 

48. Portero-Otin M, Pamplona R, Bellmunt MJ, Ruiz MC, Prat J, et al. (2002) 
Advanced (ilycation End Product Precursors Impair Epidermal (irowth Factor 
Receptor Signaling. Diabetes 51: 1535-1542. 

49. Cantero A-V, Portero-Otin M, Ayala V, Auge N, Sanson M, et al. (2007) 
Methylglyoxal induces advanced glycation end product (AGEs) formation and 
dysfunction of PDGF receptor-p: implications for diabetic atherosclerosis. The 
FASEB Journal 21: 3096-3106. 

50. Nass N, Vogel K, Hofinann B, Presek P, Silber RE, et al. (2010) Glycation of 
PDGF results in decreased biological activity. Int J Biochem Cell Biol 42: 749— 
754. 

51. Rankin S, Rozengurt E (1994) Platelet-derived growth factor modulation of focal 
adhesion kinase (].il25FAK) and paxillin tyrosine phosphor\'lation in Swiss 31'3 
cells. Bell-shaped dose response and cross-talk with bombesin. Journal of 
Biological Chemistry 269: 704-710. 

52. Yu J, Moon A, Kim H-RC (2001) Both Platelet-Derived Growtii Factor 
Receptor (PDGFR)-a and PDGFR-p Promote Murine Fibroblast CeU 
Migration. Biochemical and Biophysical Research Communications 282: 697— 
700. 



PLOS ONE I www.plosone.org 



8 



August 2014 I Volume 9 | Issue 8 | e104447 



